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1. Introduction 
In spite of the limited spectral resolution even at 
the highest presently available magnetic fields high 
resolution proton nuclear magnetic resonance (NMR) 
spectroscopy occupies a prominent position among 
the physicochemical methods used for the elucidation 
of the molecular conformations in peptides and pro- 
teins [l-6]. It is to be expected that NMR spectros- 
copy of less abundant and less sensitive nuclei, e.g. 
13 C. 14N, “N , 170, 31P, in biopolymers by the recent- 
ly introduced Fourier Transform technique [7] will 
open new possibilities for the application of NMR in 
biological research. In as far as carbon-13 NMR is con- 
cerned these hopes have been partially substantiated. 
The presently available data show that a greater num- 
ber of spectral leatures can be resolved in the 13C-NMR 
spectrum than in the proton NMR spectrum of a given 
biopolymer [8&l I]. On the other hand it appears, 
however, that too little knowledge has as yet been 
accumulated on the correlations between non-bonded 
structural features and the 13C-NMR parameters for 
the method to be readily applicable to conformational 
studies in biopolymers. Thus the interpretations of the 
13C-NMR spectra of peptides and depsipeptides have 
so far mainly yielded information on molecular sym- 
metries [ 12, 131 , and on charge effects during pH-titra- 
tion [ 10, 11, 141 and complexation with alkaline metal 
ions [ 15, 161. Some evidence for a manifestation of 
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conformational properties in the ’ 3C-resonances was 
obtained from studies of valinomycin and nonactin. 
A comparison of the free and the alkaline metal- 
complexed forms of these compounds indicated that 
all the spectral differences could not arise from ion- 
dipole interactions, and hence some spectral changes 
were probably due to conformational rearrangements 
of the ligands upon complex formation [ 15, 161 In 
the present paper we describe the 13C-NMR spectrum 
of a synthetic cycle pcntapeptide, cyclo-glycyl- 
L-alanyl-glycyl-glycyl-L-propyl. In a solution in 
DMSO two different monomeric conformations of 
this peptide are simultaneously present in comparable 
concentrations [ 171, and these two species can readily 
be distinguished in the 13C-NMR spectra. 
2. Materials and methods 
The synthesis of c_~clo-glycyl-L-alanyl-glycyl- 
-glycyl-L-prolyl had been described [ 17,181. For 
the 13C-NMR studies the peptide was dissolved in 
d6 -GMSO. The peptide concentration in the two 
samples used for carbon-l 3 work was 0.15 and 0.30 M 
respectively. Identical ’ 3 C-resonances were observed 
in the two samples, and the proton NMR spectra were 
identical to those in more dilute solutions [ 171. 
13C-NMR spectra at 25.14 MHz were obtained on a 
Varian XL-100 spectrometer using the Fourier Trans- 
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Fig. 1. Proton-decoupled natural abundance 13C r’ourier trans- 
form NMR spectra at 25.14 MHz of a 0.3 M solution of 
c-(--Gly- L-Ala Gly Gly L-Pro -) in d,-DMSO, T = 28”. 
A sample tube of 5 mm outer diameter was used. 45 000 
transients were accummulated. The horizontal scale is in ppm 
from internal TMS, where shifts to low field are assigned 
negative values. The septet centered at -39.8 ppm corres- 
ponds to d6-DMSO. A) Entire spectrum, recorded with a 
pulse width of 75 psec, acquisition time 0.4 set, pulse delay 
1 .O sec. The carbonyl region from -165 to --I 75 ppm is also 
shown on an expanded scale. 13) Spectral region from -10 to 
-70 ppm on an expanded horizontal scale with PW = 75 psec. 
AT = 0.4 set, PD = 0. Under these conditions an additional 
resonance of the peptide could be detected at -40.6 ppm 
(arrow). 
form technique. A sample tube of 5 mm outer diame- 
ter was used. The sample temperature was approxi- 
mately 38”. Chemical shifts are relative to internal 
tetramethylsilane, the center of the multiplet of 
db -DMSO being at -39.8 ppm. The system was locked 
on the 2 D signal of the solvent. 
3. Results 
The ‘“C-NMR spectrum of c-(-Gly-L-Ala-GlyP 
-Gly--L-Pro-- ) in DMSO is shown in f&J. From pro- 
ton NMR studies it had previously been found that 
two different molecular conformations M and 111 of 
the peptide occur simultaneously under the conditions 
of the preset t experiments (fig. 1). the relative concen- 
Table 1 
13C chemical shifts (ppm from internal TMS) of the two 
molecular conformations M (65%) and m (35%) of 
C-(--Gly L-Ala Gly--Gly L-Pro -) which occur simultane- 
ously in a solution in DMSO at 28”. 
Carbon 
assignment 
Confor- 
mation M 
Confor- 
mation m 
CH, 
CH2 
16.3 15.8 
GlY (1) 
Gly (3) \ co 
42.8 t 40.6) 
Gly (4)) 
Pro C6 ~~ 46.0 46.8 
CII Ala C& 50.4 51.0 
Pro Cti ~~ 59.6 60.5 
c=o GlY (1) 
Ala 
GlY (3) 
G1Y (4) 
Pro 
168.2 
169.2 
171.4 
172.8 
174.2 
trations being 2: I Il7]. The occurrence of these two 
species is clearly manifested ill the I3 C-NM R spectra . 
e.g. the five carbonyl carbon atoms in the peptide give 
rise to two sets of five lines with relative intensities 
of approximately 3: I (fig. IA). Table I gives the 
13C chemical shifts corresponding to the two mole- 
cular conformations M and 111. 
The resonance assignments in table I are based on 
the following considerations. First the carbon atoms 
carrying three, two, one or no protons were distin- 
guished in off-resonance proton decoupling experimel 
The assignment of the methyl carbon atom of alanine 
was then straight-forward. The fl-, y-, and 6methylene 
carbon atoms of proline were assigned from compari- 
son with the spectra of the amino acids in small 
peptides [ 19, 201. For the three a-carbon atoms of 
the glycyl residues only one resonance line was observ 
in the spectrum of fig. IA. From its intensity, which 
was compared with the intensities of the other 
resonances under different conditions of pulse width 
and pulse delay. this line can correspond to the 
methylene carbons of all the three glycyl residues in 
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the species M. Under the experimental conditions of 
fig. 1B an additional peptide resonance could be 
observed at -40.6 ppm which was tentatively assigned 
to one or several of the o-carbon atoms of glycine in 
the conformation m. The o-carbon atoms of proline 
and alanine were again assigned from comparison with 
the spectra of the individual amino acids [ 19, 301. 
4. Discussion 
From proton NMR studies it had been concluded 
that the two species M and m in solutions in DMSO 
of c-( -Gly L-Ala-Gly Gly L-Pro ) correspond to 
the two types of conformations in fig.2 [ 171. Accord- 
ing to these models the species M contains the prolyl 
residue in the trans-trans’ conformation [21], which 
allows the formation of two apparently equally favor- 
able transannular hydr 211 bonds. The molecular 
conformation m cant IS cis-tram’ proline [ 2. I], and 
there is one preferred transannular hydrogen bond. 
Fig. 1 and table 1 show that all the carbon resonances 
in the peptide, possibly with the exception of some or 
W 
CH_, 
(M) 
CO-NCH,CO -yCH,CO 
I 
k H 
CH ‘\, 
I 
\ 
0 ‘0 H 
1 NH-:CH,NH-i-L--N 
L/J 
(ml 
Fig. 2. Molecular conformations in solutions of c-(-Gly- 
-L-Ala-GlyyCly -L-Pro- ) in DMSO [ 171. M: Two favoura- 
ble intramolecular hydrogens bonds in a dynamic equilibrium. 
The prolyl residue would be in a tram--trans’ conformation. 
m: One preferred transannular hydrogen bond, proline in the 
cis-trans’ conformation. 
all of the o-carbons in the three glycyl residues, are 
affected by the conformational differences between 
M and m. 
An outstanding 13C chemical shift difference 
between the two conformations of the pep tide 
concerns the fl- and y-carbons of proline. In M these 
resonances are at -24.3 and -26.7 ppm, in m at 
-22.2 and -32.1 ppm (table 1). Futhermore the rela- 
tive shift of 2.4 ppm between the fl- and -y-carbon 
resonances in M is rather small compared to the cor- 
responding values of 9.9 ppm in the species m, and 
6.4 ppm in t-BOC-L-Pro-OH* [20]. This pronoun- 
ced magnetic non-equivalence in M and m of two of 
the ring carbon atoms of proline would hardly be 
comprehensible unless it is assumed that the proline 
ring geometry is different in the two peptide confor- 
mations. It had previously been inferred from proton 
NMR and X-ray studies of various proline compounds 
that different ring geometries might come about as a 
consequence of cis-trans isomerism of the peptide 
bond involving the nitrogen of proline [22]. Accord- 
ing to Deber et al. [22] the four carbon atoms are 
almost exactly coplanar in the cis-prolyl residue, with 
the amide nitrogen located out of this plane. In 
tram-proline an alternate ring geometry seems to be 
more likely, with the (Y-, /I and &-carbons and the 
amide nitrogen essentially coplanar and the y-carbon 
atom out of the plane [22]. 
For all the a-carbon atoms, the h-carbon of proline, 
and the methyl carbon of alanine the chemical shift 
differences between corresponding resonances in the 
two species M and m are of the order of I ppm or 
smaller. Furthermore the chemical shifts between cor- 
responding resonances in M and m on the one hand, 
and t-BOC-L-Ala-OH, t-BOC-L-Pro-OH, t-BOC-Gly-OH 
or Z-Gly-OH* in DMSO-solutions [20] on the other 
hand are smaller than 2 ppm for these carbon atoms. 
It is quite striking that the o-carbons of the glycyl 
residues in positions 1, 3 and 4 (fig?) appear to be 
magnetically equivalent in M, and that some or all of 
the glycine o-carbons might also have the same chem- 
ical shift in the conformation m. 
The carbonyl resonances in spectrum A (fig. 1) 
extend over a spectral range of 6 ppm. This may be 
compared to the chemical shift differences of 3 ppm 
* t-BOC = tertiary butyloxycarbonyl- , Z = benzyloxy- 
carbonyl-. 
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between the carbonyl resonances of t-BOC-L-Ala-OH, 
t-BOC-L-Pro-OH. and t-BOC-Gly-OH in DMSO I101 , 
and one might then take these numbers to indicate 
that the carbonyl ‘“C-shifts arising from differences 
in conformation might be quite sizcable. From the 
present data it is. however, not possible to assign the 
individual carbonyl resonances to specific amino acid 
residues. Hence we can at this point only conclude 
that chemical shift differences between corresponding 
carbonyl resonances in M and m cannot be Iargcr t!lxl 
5.6 ppm. It should bo possible in future experiments, 
e.g. with isotopically labelled peptidc analogues of 
c+Gly- L-Ala-Gly-Gly- L-Pro- ) or similar pepti- 
des. to investigate in more detail the influence on the 
carbonyl resonance positions of the formation of 
intramolecular hydi-ogcn bonds. 
Overall the present data indicate that essentially all 
the ‘“C-resonances in c-(-Gly~-L-Ala-Gly~Gly-- 
L-Pro- ) and similar peptides might in principle be 
useful for studies of the molecular conformations. 
From the already mentioned “C-NhlR spectral dif- 
ferences between the free and the alkaline ion-com- 
plexed forms of nonactin. valinomycin. and related 
cyclic molecules [ 15, 161 one arrives at a similar 
conclusion for these compounds. It has also been 
observed that the helix-coil transition in poly-(y- 
benzyl-L-glutamate) in a mixed solvent of chloroform 
and trifluoroacetic acid is manifested in at least three 
1.7C resonances, i.e. those of the peptidc carbonyl-, (Y- 
.and P-carbons [Y] . All these examples will probably 
be useful for future systematic investigations of the 
correlations between I3 C-NMR parameters and non- 
bonded structural features in peptides and proteins. 
Model systems of the type described in this paper 
have. however, the particular adv,antage that all the 
‘“C-NMR spectra differences can be assigned to 
differences in molecular conformation. and could not 
conceivably be due in part or entirely to either differ- 
ent total electric charge or different solvent environ- 
ment of the peptidc conformations which are to be 
compared. 
Whereas conformational differences in peptides 
seem to give rise to sizeable shifts of several ppm 
for certain ’ -‘C- resonances, they appear to be mainly 
manifested in the proton-decoupled ‘“C-NMR spectra 
by chemical shifts of the order of I ppm (table I, 
[ 15, 16, 231). It remains to further investigate the 
practical aspects of observing and interpreting these 
rather small chemical shifts. Especially in view of 
studies with larger peptides and with proteins [8. ‘91 
it would appear from the presently available data that 
the application of very high magnetic fields might be ; 
important for “C-NMR investigations of peptidc and 
protein conformations as it was for the development 
of proton NMR studies in the same field [ I]. 
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